Listener's own head-related transfer functions (HRTFs) are necessary for accurate sound image reproduction. The HRTFs of other listeners often cause the front-back confusion and the errors in elevation perception. It is, however, impractical to measure the HRTFs of any listener for any sound source direction because the measurement requires special apparatus and much time. On the other hand, the estimation of the entire spectrum information of listener's own HRTF still remains as an unsolved difficult issue. One of the authors has shown that the simplified HRTFs, which is recomposed only of the first spectral peak around 4 kHz (P1) and the lowest two spectral notches (N1 and N2) above P1, extracted from the listener's measured HRTFs in the median plane, provide almost the same localization accuracy as the measured HRTFs. While the frequency of P1 is almost constant independent of the sound source elevation and the listener, those of N1 and N2 are highly dependent on both the elevation and the listener. The present study proposes a method, which estimates the frequencies of N1 and N2 in the median plane for the individual listener from the anthropometry of the listener's pinna, and examines the validity of the method.
INTRODUCTION
The listener's own head-related transfer functions (HRTFs) are necessary for accurate three-dimensional sound image control [1] . The HRTFs of other listeners often cause front-back confusion and errors in elevation perception. However, measuring the HRTFs of a listener for any sound source direction is impractical because the measurement requires a special apparatus and a great deal of time.
A scenario for estimating the HRTFs of the individual listener from the anthropometry of his/her pinna, which is obtained, e.g., by photographic means, has been proposed [2] . However, the estimation of the entire spectrum information of the listener's own HRTF is difficult and has not yet been accomplished.
Middlebrooks reported that inter-subject differences in external-ear transfer functions could be reduced by appropriately scaling one set of external-ear transfer functions in frequency relative to the other [3] . However, the reduction of errors in other-ear localization using the frequency scaling was not sufficient for accurate threedimensional sound image control [4] .
Iida et al. [5] have shown that simplified HRTFs, which are composed of only the first spectral peak around 4 kHz (P1) and the lowest two spectral notches (N1 and N2) above P1 ( Fig. 1) extracted from the listener's measured HRTFs in the median plane, provide almost the same localization accuracy as the measured HRTFs (Fig. 2) . Although the frequency of P1 is approximately constant independent of the sound source elevation and the listener, the frequencies of N1 and N2 are highly dependent on both the elevation and the listener (Fig. 3) . Based on these results, they concluded that N1 and N2 can be regarded as spectral cues and that the hearing system of a human being could use P1 as reference information to analyze N1 and N2 in ear-input signals.
The present study proposes a method of estimating the frequencies of N1, N2, and P1 in the median plane for the individual listener from the anthropometry of his/her pinnae. The most suitable HRTF, the N1, N2, and P1 frequencies of which are the closest to the estimated values, can then be extracted from the HRTF database for the individual listener without acoustical measurements.
DATA USED IN THE ANALYSIS

Anthropometric parameters of pinna
Based on the findings that N1, N2, and P1 are generated by the resonance of three major cavities of the pinna, i.e., concha, fossa, and scapha [6] , 10 anthropometric parameters (x 1 through x 10 ) of the subject's ear mold (Fig. 4 and Table 1 ) were measured using a digital vernier caliper. The tilt of the pinna (x a ) was also measured from a photograph of the subject's pinna. Figure 5 shows the measured 11 anthropometric parameters for 46 ears. The distribution ranges of parameters x 1 through x 10 were from 10 to 20 mm and that of x a was approximately 40 degrees.
N1, N2, and P1 frequencies
The median plane HRTFs of the 46 ears were measured in an anechoic chamber. The distance from the sound sources to the entrance of the ear canal was 1.2 m. The ear-microphones [5] were put into the ear canals of the subjects. The diaphragms of the microphones were located at the entrances of the ear canals. Therefore, this is so called the "blocked entrances condition". The HRTF was obtained by
where F(Z) is the Fourier transform of the impulse response, f(t), measured at the point corresponding to the center of the subject's head in the anechoic chamber without a subject using a swept-sine signal (2 18 sample), and G l,r (Z) is that measured at the entrance of the ear canal of the subject with the ear-microphones.
N1, N2, and P1 were extracted from the HRTF, which is obtained by FFT of the early part of the head-related impulse response (within 1 ms) [7] because the peak and notches are generated by the pinna cavities. Figure 6 shows the distributions of N1, N2, and P1 frequencies of 46 ears for the front direction. N1, N2, and P1 frequencies were distributed from 5.5 to 9.5 kHz (0.79 oct.), 7.5 to 12.0 kHz (0.68 oct.), and 3.5 to 4.5 kHz (0.36 oct.), respectively. This indicates that the individual difference of P1 frequency is much smaller than those of N1 and N2 frequencies.
ESTIMATION OF INDIVIDUAL N1, N2, AND P1 FREQUENCIES OF THE FRONT DIRECTION
Multiple regression analyses were carried out using 46 ears, as objective variables of N1, N2, and P1 frequencies and as explanatory variables of 11 anthropometric parameters of the pinnae:
where S, E, a i , b, and x i denote the subject, the vertical angle in the median plane, regression coefficients, a constant, and anthropometric parameters, respectively. There was no multicollinearity between the explanatory variables.
width of pinna x 2 width of concha x 3 width of incisura intertragica x 4 width of helix x 5 length of pinna x 6 length of concha x 7 length of cymba conchae x 8 length of scapha x 9 length of cavity x 10 depth of concha FIGURE 5. Relation between the measured and estimated N1, N2, and P1 frequencies. In the present study, N1, N2, and P1 frequencies were estimated by two regression models: Model A: All anthropometric parameters were used as explanatory variables. Model B: The anthropometric parameters, which can be obtained using a photograph of the listener's pinna, i.e., x 1 through x 9 and x a , were used as explanatory variables. The depth of concha (x 10 ) is difficult to obtain from a photograph. Tables 2 and 3 show the statistics of the regression models and the regression coefficients, respectively. Since the just noticeable difference in the frequencies of N1 and N2 on vertical perception is considered to be between approximately 0.1 and 0.2 octaves [8] , the percentage of pinnae for which the absolute estimation error is less than 0.15 octaves was calculated. Fig. 5 shows the relation between the measured and estimated N1, N2, and P1 frequencies.
For the N1 frequency, the multiple correlation coefficients for model A and B were 0.78 and 0.74, respectively. The average absolute residual errors were 389 and 409 Hz. The percentages of pinnae for which the absolute residual error was less than 0.15 octaves were 87% for both models.
For the N2 frequency, the multiple correlation coefficients for model A and B were 0.82 and 0.81, respectively. The average absolute residual errors were 464 and 468 Hz. The percentages of pinnae for which the absolute residual error was less than 0.15 octaves were 96% for both models.
For the P1 frequency, an extra regression model (model C) was analyzed in addition to models A and B, because the significance level (p) of model B was very high (0.3349). The explanatory variables of model C were chosen based on the results of stepwise backward regression and the fact that P1 is generated by resonance in the concha [9] . As a result, model C was composed only of x 2 , x 6 , and x 10 . The multiple correlation coefficients for models A, B, and C were 0.62, 0.50, and 0.56, respectively. The average absolute residual errors were 148, 156, and 160 Hz. The percentages of pinnae for which the absolute residual error is less than 0.15 octaves were 96% for all models.
Then, the cumulative frequency curves of the absolute residual error were obtained. For the N1 frequency ( Fig.  6(a) ), the cumulative frequency curves of models A and B were almost the same. The absolute residual error, at which the cumulative frequency reaches 75%, was approximately 0.13 octaves. The cumulative frequency reaches almost 100% at an absolute residual error of approximately 0.20 octaves.
For the N2 frequency ( Fig. 6(b) ), the cumulative frequency curves of models A and B were also almost the same. The absolute residual error, at which the cumulative frequency reaches 75%, was approximately 0.10 octaves. The cumulative frequency reaches almost 100% at an absolute residual error of approximately 0.15 octaves. Therefore, the estimation accuracy of the N2 frequency is higher than that of the N1 frequency.
For the P1 frequency (Fig. 6(c) ), the cumulative frequency curves of models A, B, and C were almost the same. The absolute residual error, at which the cumulative frequency reaches 75%, was approximately 0.08 octaves. The cumulative frequency reaches almost 100% at an absolute residual error of approximately 0.15 octaves.
EXTRACTION OF THE MOST SUITABLE FRONT DIRECTION HRTFS FOR AN INDIVIDUAL LISTENER
The most suitable front direction HRTF for an individual listener can be extracted from the HRTF database as follows:
Step 1: N1, N2, and P1 frequencies for the front direction are estimated from the anthropometry of the listener's pinna using the regression equations mentioned above.
Step 2: The HRTFs, the N1, N2, and P1 frequencies of which are closest to the estimated frequencies, are extracted from the HRTF database. The distance between the estimated notch frequencies and the notch frequencies of actual HRTFs in the database can be evaluated based on notch frequency distance (NFD) [8] . NFD is a physical measure expressing the distance between HRTF j and HRTF k in the octave scale, as defined by Eqs. 3 through 5. The front direction HRTF for which the NFD is the minimum and is within the jnd is extracted from the HRTF database as the most suitable HRTF for the listener.
where ݂ ଵ and ݂ ଶ are the frequencies of N1 and N2, respectively. 
SOUND IMAGE CONTROL FOR THE ARBITRARY THREE-DIMENSIONAL DIRECTION USING THE EXTRACTED FRONT DIRECTION HRTF
A sound image control method for the arbitrary three-dimensional direction using the extracted front direction HRTF is divided into following two stages.
Expansion from the front direction to the median plane
There are two alternative methods for estimating N1, N2, and P1 frequencies for arbitrary vertical angle in the median plane:
Method 1: Use the median plane HRTFs of the subject whose front direction HRTF is extracted from the HRTF database by the estimation method mentioned above.
Method 2: Calculate N1 and N2 frequencies for the arbitrary vertical angle, E, in the median plane from the N1 and N2 frequencies of the front direction, b N1 and b N2 , using the regression curves (Fig. 7) . The N1 and N2 frequencies of 80% of subjects have been reported to be strongly correlated (0.8 < r) with the regression curves [10] . The frequency of P1 can be regarded as constant because P1 is independent of vertical angle, as shown in Fig. 3 .
Expansion from the median plane to the arbitrary three-dimensional direction
Then, a sound image control in the median plane can be expanded into the arbitrary three-dimensional direction by combining the HRTFs in the median plane obtained by the above-mentioned method with interaural time difference (ITD), which corresponds to the lateral angle of a sound image [11] . 
CONCLUSIONS
In the present study, multiple regression analyses were carried out using 46 ears, as objective variables of the listener's N1, N2, and P1 frequencies and as explanatory variables of the 11 anthropometric parameters of the listener's pinna. The results indicate the following:
1. The N1 and N2 frequencies of the front direction have strong correlations with the anthropometric parameters. The multiple correlation coefficients for N1, N2, and P1 were 0.78, 0.82, and 0.62, respectively. 2. The percentages of pinnae for which the absolute residual error was less than 0.15 octaves for N1, N2, and P1 were 87%, 96%, and 96%, respectively. These results indicate that the N1, N2, and P1 frequencies of an individual listener can be estimated accurately from his/her anthropometric parameters. 
